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Fast atom bombardment-produced [M 1 Na]1 ions of tristearoylglycerol and [M 2 H]2 ions of
stearic or nervonic acid undergo charge-remote fragmentations (CRFs) to produce one series
of product ions reflecting CnH2n12 losses, whereas electrospray ionization-produced ions
fragment to give two series of product ions reflecting CnH2n12 and CnH2n11 losses. These
results and those from previous studies show that the mechanisms and energetics of CRFs are
complex and unsettled. We demonstrate that several pathways are simultaneously involved in
CRFs, and the preference for certain pathways (by CnH2n11 and CnH2n12 losses) is determined
by the internal energy of the compound itself and the ionization and activation energies that
are applied to it. (J Am Soc Mass Spectrom 1998, 9, 840–844) © 1998 American Society for
Mass Spectrometry
One concept that underpins the interpretation ofproduct-ion spectra from tandem mass spec-trometry (MS/MS) is that some fragmentations
are independent of charge site and are analogous to
thermal decompositions. These processes, called
charge-remote fragmentations (CRFs) [1], have been
demonstrated to be applicable to the structure determi-
nation of fatty acids and alcohols, complex lipids,
prostaglandins, steroids, glycosides, and other carbohy-
drates, antibiotics, and peptides [2–5]. Although these
processes are ubiquitous, important energetic and
mechanistic questions about them remain unanswered.
We realized soon after their discovery in 1983 [1] that
CRFs along an alkyl chain occur as thermal-like 1,4-
eliminations of H2 to give both an alkene and an
unsaturated charged species containing the functional
group [6] (eq 1). Cordero and Wesdemiotis [7] provided
supporting evidence by verifying that the neutral prod-
ucts are alkenes and not neutral radicals. The observa-
tion of radical-ion products from cleavage along an
alkyl chain, however, may be evidence that the reaction
is two step, involving a homolytic cleavage of a C–C
bond followed by elimination of a radical (usually H) to
give the closed-shell products (eq. 2), or that it occurs
via an ion-neutral complex [8]. For example, Wysocki
and Ross [9, 10] found that losses of alkyl radicals
accompany those of alkenes in CRFs of various precur-
sor ions that are produced by high-pressure fast atom
bombardment (FAB) and chemical ionization. No one,
however, has explained why radical ions are sometimes
produced by cleavage of normal alkyl C–C bonds that
are located remote from the charge site. Until these
observations are rationalized, the mechanism for CRFs
will remain unsettled. Another observation requiring
explanation is that of Claeys and co-workers [11], who
showed that isotope effects for the 1,4-elimination of H2
process differ, depending on whether the transfer is
toward or away from the charge site. This observation
also seems inconsistent with a process that is indepen-
dent of charge site.
We report here evidence that there is competition
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between the processes described in Eqs 1 and 2, and the
competition is surprisingly sensitive to ion internal
energy, which was manipulated by preparing the pre-
cursor ions by either FAB or by electrospray ionization
(ESI). Under identical conditions of collisional activa-
tion, we see predominant production of either radical
ions (by apparent loss of CnH2n11) or closed-shell ions
(by apparent losses of CnH2n12), which explains why
some have seen homolytic, whereas others have found
heterolytic cleavages as the principal processes.
Experimental
Tristearoylglycerol, stearic, and nervonic acids were
purchased from Sigma (St. Louis, MO) and used with-
out further purification. All matrix and solvent com-
pounds, including 3-nitrobenzyl alcohol (3-NBA), tri-
ethanolamine (TEA), NaI, CH3OH, and CHCl3, were
obtained from either Sigma or Aldrich (Milwaukee,
WI). All experiments were carried out with a ZAB-T
four-sector tandem mass spectrometer manufactured
by VG Analytical (Manchester, UK) [12].
For positive-ion mode ESI experiments, tristearoyl-
glycerol and NaI were dissolved in CHCl3 and CH3OH
(7:3 by volume) and the final concentration of both the
analyte and the salt was about 10 mM, respectively [13],
whereas for negative-ion mode ESI experiments, stearic
or nervonic acid was dissolved in CH3OH and the final
concentration of the analyte was approximately 25 mM.
The solution was infused in the continuous mode at a
flow rate of 10 mL/min through a Harvard Model 22
syringe pump (Harvard Apparatus, South Natick, MA).
The spray needle was maintained at 8000 V, and the
counter electrode (pepper pot) potential was 5000 V.
The sampling cone, skimmer lens, skimmer, hexapole,
and ring electrode were 4200, 4160, 4155, 4150, and
4120 V, respectively. Nitrogen was used separately as
both bath and nebulizer gas with flow rates of 400 and
12 L/h, respectively. The bath-gas temperature was
maintained at 80 °C. Argon or helium was used as the
collision gas with a 50%–70% main-beam attenuation
(see figure cations for specific values). The collision cell
was floated to 2 kV (resulting in ELAB 5 2 keV). The
product-ion spectra were averages of approximately 40
15-s scans at a mass resolving power of ;1000 (full
width at half maximum).
For positive-ion mode FAB experiments, a small
amount (;1 mg) of tristearoylglycerol was mixed with 1
mL 3-NBA, which was saturated with NaI, loaded on
the FAB tip, and bombarded with a high-energy (;25
keV) Cs1 ion beam. The ions were accelerated to 8 or 4
keV kinetic energy, selected by the first stage (MS1) at a
mass resolving power of ;1500, and collided with
helium in the collision cell between MS1 and MS2. The
collision cell was floated to 4 kV (ELAB 5 4 keV) or 2 kV
(ELAB 5 2 keV), respectively. The product-ion spectra
were averages of approximately 30 15-s scans at a mass
resolving power of ;1000 (full width at half maximum).
Conditions for negative-ion mode FAB experiments
were similar to those for the positive-ion mode except
that a small amount (;1 mg) of a fatty acid (stearic or
nervonic acid) was mixed with ;1 mL TEA and that the
ions were accelerated only to 4-keV kinetic energy with
the collision cell floated to 2 kV (ELAB 5 2 keV).
Results and Discussion
The ESI-produced [M 1 Na]1 ions of tristearoylglycerol
[13] undergo CRFs upon high-energy collisional activa-
tion (CA) in an MS/MS experiment to produce a major
series of product ions formed by loss of CnH2n11 and a
minor one formed by loss of CnH2n12 [Figure 1(A)]. We
suggest that the structures of the product ions in the
major series are, at least initially, distonic (have sepa-
rated charge and radical sites) [14, 15]. On the other
hand, the FAB-produced [M 1 Na]1 ions fragment to
give principally a series of closed-shell product ions
formed by loss of CnH2n12 [Figure 1(B)]. The most
abundant product from the FAB-produced precursor
ions is the one that is formed by C3–C4 bond cleavage
on one of the side chains and, thus, contains an a,b
conjugated structure [of m/z 701.6 in Figure 1(B)].
To determine whether these observations apply to
typical fatty acids, we produced stearoate and nervono-
ate by the two ionization methods and collisionally
activated the precursor ions. The FAB-produced
stearoate anions (m/z 283) [Figure 2(B)], at an acceler-
ation potential of 4 kV, fragment in the same way as
those at 8 kV. Fragmentation at the latter energy has
been regarded as a classic high-energy charge-remote
process. All product ions are closed-shell and are gen-
erated by C–C bond cleavages remote from the charge
site. On the other hand, the ESI-produced stearoate
anions fragment to give two series of ions: the expected
one (by loss of CnH2n12) and another (by loss of
CnH2n11) formed by homolytic cleavages remote from
the charge site (Figure 2A). We observed the same
phenomena for ESI- and FAB-produced nervonoate
anions (m/z 365) as we saw for stearoate (compare
Figures 2 and 3). To our knowledge, these are the first
reported losses of CnH2n11 that occur remote to the
charge site of a saturated carboxylate.
A striking feature is the formation of the pair of ions
(of m/z 265 and 266) by allylic C–C bond cleavage of
nervonic acid precursor ions that are produced by FAB
or ESI, although the ratio of these two ion abundances
varies with experimental conditions. Previous studies
[11, 16, 17] suggested that the functional group (the
double bond) plays an important role in the transition
state. This is supported by studies of systems containing
other functional groups where the parallel occurrence
of the two mechanisms (eqs 1 and 2) provides an
interpretation of the fragmentation chemistry [18–20].
Clearly, mechanisms involving 1,4-H2 elimination (Eq
1) are not applicable to reactions occurring near a
functional group.
The sharp contrast in the formation of product ions
from ESI- and FAB-produced precursor ions demon-
841J Am Soc Mass Spectrom 1998, 9, 840–844 CHARGE-REMOTE FRAGMENTATIONS
strates that a difference in internal energy plays a
crucial role in determining the course of CRFs along any
alkyl chain (e.g., in a fatty acid). The seemingly contra-
dictory phenomenon that ions with lower energy (pro-
duced by ESI) undergo higher energy reaction (homo-
lytic cleavage) whereas ions with higher internal energy
(produced by FAB) undergo a lower energy reaction
(rearrangement) may be explained on the basis of the
internal-energy distribution, r(E), of the precursor ions
after collisional activation (Figure 4). In tandem sector
mass spectrometers, collisional activation results in a
relatively broad internal-energy distribution for precur-
sor ions, centered at a value of a few electron volts with
“a long high-energy tail extending out to some tens of
electron volts” [21]. Although more activation energy is
needed for simple cleavage to occur, its reaction rate is
significantly higher than that of rearrangement when
the internal energy is high [Figure 4(A)]. Before colli-
sional activation, the internal energy of precursor ions
produced by both ionization methods is below the
threshold of fragmentation [Figure 4(B)], whereas after
collisional activation, some of the precursor ions are
promoted to the high-energy region, making it possible
for decomposition to occur [Figure 4(C)]. Although the
same laboratory conditions were used for collisional
activation, ions generated by ESI are affected differently
than those by FAB. Due to its lower initial internal
energy, most of the ESI-produced ions remain intact
Figure 1. Comparison of CAD spectra of the [M 1 Na]1 ion of
tristearoylglycerol (m/z 913.8) produced by (A) ESI and (B) FAB.
Ions produced by losses of CnH2n11 are labeled with asterisks
whereas ions formed by losses of CnH2n12 are labeled with
triangles. Contribution from the 13C-containing isotopomer of the
precursor ion to the asterisk-labeled peaks was eliminated by
choosing the monoisotopic precursor at a resolving power of
;1000. For ESI-produced ions, the acceleration potential was 4 kV
(ELAB 5 2 keV) whereas for FAB-produced ions, the former was 8
kV (ELAB 5 4 keV). The CAD spectrum of the FAB-produced ions
at 4 kV was similar to that at 8 kV, although the resolving power
of the former is lower. Collision gas 5 Ar; attenuation of the main
beam 5 60%; scan range 5 m/z 100 –930; and scan duration 5
15 s.
Figure 2. Comparison of CAD spectra of the [M 2 H]2 ion of
stearic acid (m/z 283.3) produced by (A) ESI and (B) FAB. Ions
formed by losses of CnH2n11 are labeled with asterisks whereas
those produced by losses of CnH2n12 are labeled with triangles.
Contribution from the 13C-containing isotopomer of the precursor
ion to the asterisk-labeled peaks was eliminated by choosing the
monoisotopic precursor at a resolving power of ;1000. Accelera-
tion potential 5 4 kV; laboratory collision energy 5 2 keV;
collision gas 5 He; attenuation of the main beam 5 50%; scan
range 5 m/z 20 –300; and scan duration 5 15 s.
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even after CA, and only a small portion of ions that
have energies in the long-tail region undergoes frag-
mentation. Both simple cleavage and rearrangement
can happen, and the final abundance ratio of product
ions generated by these two processes depends on the
shape of the “tail.” For ESI-produced [M1Na]1 ions of
tristearoylglycerol, we propose that the “tail” is long
and, therefore, the simple cleavage pathway dominates.
On the other hand, the FAB-produced ions contain
initially higher internal energy, and collisional activa-
tion pushes a larger fraction of the distribution into the
region for rearrangement. Although a long-tail region is
populated once again by collisional activation, the rel-
ative number of ions with internal energies in the
high-energy tail is small and, therefore, fewer product
ions are formed by simple cleavage. A precedent for
this phenomenon was previously reported by us in a
comparison of ions produced by laser desorption and
FAB [22].
Conclusions
There are at least three mechanisms for charge-remote
fragmentations that occur along alkyl chains. The first is
1,4-hydrogen elimination, and it is virtually the only
pathway when the average initial internal energy of the
precursor ion is high. The second is homolytic cleavage,
and it becomes kinetically favorable when low-energy
precursor ions are activated by high-energy collisions.
The third is a fragmentation around a functional group
that is determined by the chemical and physical prop-
erties of this group. The third pathway, which may or
may not be related to the first two, normally has a lower
activation energy because of the involvement of the
functional group in the reaction transition state, and
yields more abundant product ions. The distribution of
product ions from the various pathways depends on
initial internal energy and the competition between the
three processes. All three are charge remote.
Figure 3. Comparison of CAD spectra of the [M 2 H]2 ion of
nervonic acid (m/z 365.3) produced by (A) ESI and (B) FAB. Ions
formed by losses of CnH2n11 are labeled with asterisks whereas
those produced by losses of CnH2n12 loss are labeled with
triangles. Ions resulting from fragmentation at the double bond
are indicated by “5.” Contribution from the 13C-containing isoto-
pomer of the precursor ion to the asterisk-labeled peaks was
eliminated by choosing the monoisotopic precursor at a resolving
power of ;1000. Acceleration potential 5 4 kV; laboratory colli-
sion energy 5 2 keV; collision gas 5 He; attenuation of the main
beam 5 70%; scan range 5 m/z 20 –380; and scan duration 5 15 s.
Figure 4. Proposed diagram describing the competition between
two charge-remote processes (rearrangement versus simple cleav-
age). Schematic of the relationship of the rate of the two processes,
k(E), to the internal energy, E, of the precursor ion (A). Proposed
energy distributions for precursor ions produced by FAB or ESI
before (B) and after (C) collisional activation.
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